In experiments with the facultative Crassulacean acid metabolism (CAM) species, Mesembryanthemum crystailinum, only plants which received high levels of inorganic salts fixed substantial amounts of CO2 by the CAM pathway. Equivalent osmolarities of polyethylene glycol 6000 did not yield any CAM fixation. Plant water potential and turgor pressure had no detectable influence on the amount of CAM fixation. These observations rule out the possibility that the inorganic ions were acting as osmotic agents.
relative amounts of CAM and C33 used for external CO2 assimilation may vary with water availability (1, 10, 15, 27) , day-night temperature differentials (11, 26) , or photoperiod (16) . Generally, conditions which increase water stress favor CAM because the water use efficiency of CAM is greater than that of C3 (17) .
Mesembryanthemum crystallinum shifts from primarily C3 fixation to primarily CAM fixation after a few days' exposure to high salt concentrations (23).This effect of high salt has been viewed as a result of increased osmotic stress (25) . This species accumulates very large quantities of salt even when given unlimited access to nonsaline water (20, 23) . This accumulation suggests a metabolic requirement for high levels of inorganic ions. In the following study, M. crystallinum was unable to sustain significant CAM fixation when salt levels in the growth medium were restricted. Moreover, the salt requirement for CAM provided an opportunity for comparing within a single population the relative merits of C3 and CAM fixation.
MATERIALS AND METHODS Growth Condition. M. crystallinum seeds from a single plant were germinated on a wet sponge and, after 1 week, transferred to This research was partially supported by National Science Foundation Grant DEB 75-19510. soil medium. The levels of free ions, particularly cations, are usually much lower in soil than in conventional nutrient solutions (8) . In nutrient solution culture, high levels of water stress are difficult to achieve without resorting to osmoticums. For these reasons, the selected growth medium consisted of equal parts potting soil and sand and the selected method for producing water stress was water deprivation.
The plants were grown in an environmental chamber with 12-h day-night cycle, 25 C days and 15 C nights, 12 C dew point day and night, and a light intensity of 46 nE cm-2 s-' PAR. These growth conditions are typical of M. crystallinum's natural habitat and were found to favor CAM (3).
Watering and Experimental Treatments. The protocol for watering the plants (Fig. 1) was that all plants received identical treatment but for a relatively short period. The initial 2-week drought period was to insure that all plants had experienced high water stress before measurements were taken. The first series of measurements was conducted on plants which were 15 weeks old and had received unlimited amounts of distilled H20 for the previous 3 weeks. For the next week, the plants received no water so that the pots reached approximately 14% of field capacity. The second series of measurements was then conducted.
The measurements on control plants which received only distilled H20 and 100 mm NaCl-treated plants included the change in titratable acidity from dusk to dawn, CO2 and water exchange, leaf water and osmotic potential, and leaf concentrations of Cl-, Ca2+, Mg2+, K+, and Na+. The 100 mm KCI, 100 mm Na2SO4, and 18% (w/w) PEG 6000 treatments were analyzed only for change in titratable acidity from dusk to dawn.
Titratable Acidity Determinations. In M. crystallinum, the change in titratable acidity from dusk to dawn results from the synthesis of malate by the CAM process (27) . Samples punched from opposite leaves at dusk and dawn were weighed, frozen on dry ice, ground with a mortar and pestle, boiled in 15 ml of H20 for 3 min, cooled to room temperature, and titrated to a pH of 6.4 with standard base.
CO2 and Water Exchange. CO2 and water exchange analysis was made using a system similar to that described in Bjorkman et al. (2) with a cuvette identical to that pictured in Bartholomew (1) . Cuvette temperature was 25.0 C for the 12-h day and 15.0 C for the 12-h night. Dew point was kept at 12.0 C day and night. Light intensity (PAR measured with a Licor quantum sensor) was 75 nE cm-2 s-'. The experimental plant was sealed in the chamber for at least 6 h before measurements were taken.
Water Potentials. Leaf water potential was determined at dawn with a Wescor C-52 thermocouple psychrometer. The maximum temperature depression was read using a Keithley 150 B microvolt meter and a chart recorder. Afterwards, the sample was frozen on a thermoelectric cold plate for 30 min and the psychrometer procedure was repeated to estimate osmotic potential (4) .
Soil moisture content was determined from the weight difference between fresh and oven-dried soil. Soil from the control, NaCl-treated, and PEG-treated pots was restored to field capacity Protocol for watering and experimental treatments. The pots in which the seedlings were transplanted were kept at field capacity with distilled H20 for 6 weeks. The plants were then divided into five groups. For the next 3 weeks, depending on treatment group, the water lost from a pot was replaced with either distilled H20, 100 mm NaCl, 100 mM KCl, 100 mM Na2SO4, or 182 g (w/w) of PEG 6000 (this concentration of PEG 6000 produces the same osmotic potential as 100 mm NaCl: -4.6 bars at 25 C [5, 131). All plants received distilled H20 for I additional week and then were maintained at about 5% field capacity for 2 more weeks. For 3 weeks, the pots were again brought up to field capacity with distilled water. The first series of measurements was conducted. Afterwards the plants received no water for a week so that the pots reached approximately 14% of field capacity, and another series of measurements was conducted on these water-stressed plants.
with distilled H20. A sample of this saturated soil was placed into the largest chamber of a Wescor C-52 psychrometer and dried to the prescribed soil moisture content. The soil water potential was estimated from the wet bulb depression.
Ion Content. Leaf Cl-concentration of acid-extracted, dry plant material was analyzed with an Orion chloride-specific electrode (12) . A Perkin-Elmer Atomic Absorption Spectrometer was used to assess Ca2+, Mg2+, K+, and Na+ concentrations. RESULTS Titratable Acidity. In the water-stressed plants, the change in titratable acidity from dusk to dawn seemed independent of either the soil moisture content or soil water potential (Table I ). The salt-treated (NaCl, KCI, Na2SO4) plants had significantly greater acid fluctuations (P < 0.005) (mean ± SE of 91.7 ± 5.9 ,ueq/g fresh weight) than either the control plants (mean ± SE of 45. 8 ± 8.9 ,ueq/g fresh weight) or the PEG-treated plants (mean ± SE of 0.7 ± 3.4 ,ueq/g fresh weight). The soil water potential of the salttreated pots had values (-70 bars) intermediate to those of the control and PEG-treated pots (-16 and -78 bars, respectively). Among the various salt treatments, there were no marked differences in acid fluctuations or in general appearance of the plants.
CO2 and Water Exchange. When maintained at field capacity, the two NaCl-treated plants and two control plants assimilated CO2 primarily in the light. The CO2 uptake rates of NaCl-treated plants increased slightly in the early evening-barely becoming positive-and decreased significantly at midday (Fig. 2a) , whereas the uptake rates of control plants remained fairly constant with positive net uptake only during the day (Fig. 2b) . Total daytime net CO2 uptake was 17 and 18 ,Imol CO2 cm-2 day-' for NaCltreated plants, and 28 and 21 for control plants.
Under water stress, the two NaCl-treated plants fixed carbon predominantly in the dark (Fig. 2c) , while two control plants fixed carbon only in the light and at greatly reduced levels (Fig. 2d) in comparison to the unstressed plants. The NaCl-treated plants had total nighttime CO2 uptake of 6.8 and 5.4 ymol CO2 cm-2 night-'.
Stomatal conductances of all eight plants increased to a maximum shortly after the light was turned off, declined gradually through the night, and stayed relatively uniform throughout the day.
When the water supply was not restricted, the daytime average T.R., a common measure of water use efficiency, was 131 and 138 g H20 transpired/g CO2 assimilated for the NaCl-treated plants and 120 and 160 g H20/g CO2 for the control plants. All of the water-stressed plants had negative net CO2 uptake during the day (Fig. 2, c and d) . Since T.R. has little meaning when the denominator is negative, a ratio of transpiration to total CO2 uptake (net CO2 uptake plus dark respiration) was used to compare water use efficiencies under the water stress conditions. By this measure, NaCl-treated plants were more efficient than control plants at all times of the day (Fig. 3) .
A water-stressed PEG-treated plant never showed any positive CO2 assimilation. Rates of CO2 uptake were consistently around -0.3 nmol CO2 cm-2 s-1 during the day and -0.1 nmol CO2 cm-2 s-i at night. Stomatal conductances were 0.1 cm s-1 during the day and 0.8 cm s-1 at night.
Leaf Tissue Analysis. The leaf tissue analyses show generally greater differences between the NaCl and control treatments than between the water availability treatments (Table II) . The water potential of NaCl-treated plants was nearly double that of control plants primarily as a result of the more negative osmotic potential of NaCl-treated plants. The turgor pressure-if taken as the difference between water and osmotic potentials-of all eight plants was approximately I bar (mean ± SE was 1.1 ± 0.1 bar).
The NaCl-treated plants had higher concentrations of Na+ and Cl-but lower concentrations of Mg2' and K+ than the control plants. The Ca2+ concentrations were similar in all plants.
DISCUSSION
In M. crystallinum, carbon fixation by the CAM pathway required the presence of high salt concentrations. Several lines of evidence argue that the effect of high salt was not simply one of water stress. There was no clear correlation between the amount of CAM and the water potential of the plants (Table II) . Stressed control plants had higher acid fluctuations and higher water potentials than unstressed NaCl-treated plants. Salt-treated plants, which experienced intermediate levels of water stress, had the greatest diurnal acid fluctuations while PEG-treated plants, which experienced the greatest water stress, had negligible acid fluctuations (Table I ).
The substitution of K+ for Na+ or S042-for CF-yielded similar levels of acidification (Table I) . These results agree with those of 750 BLOOM 9- www.plantphysiol.org on January 22, 2018 -Published by Downloaded from Copyright © 1979 American Society of Plant Biologists. All rights reserved. (Fig. 2a) , control with an unlimited water supply (Fig. 2b) , 100 mM NaCl treatment under water stress (Fig. 2c) , and control under water stress (Fig. 2d) . Since there were only slight differences between replicates, diurnal patterns are presented for just one replicate.
SALT REQUIREMENT FOR CAM
Winter (23) who found that NaCl-, Na2SO4-, KCl-, and K2SO4-treated M. crystallinum assimilates similar amounts of CO2 by the CAM pathway. Both the control and NaCl-treated plants absorbed large quantities of inorganic ions from the medium (Table  II) . The K+ concentration was 60o higher in the controls than in the NaCl-treated plants suggesting that the controls compensated for insufficient quantities of Na+ in the medium by the accumulation of more KV. In several halophytes, the nutritional requirements for K+ can be met in part by Na+ (21). Stomatal movement in the CAM plant Kalanchoe mannorata (18) and in the facultative halophyte Cakile maritima (9) involves the uptake of either Na+ or K+. Therefore, the interchangeability of K+ and Na+ in M. crystallinum is not unprecedented. The CO2 exchange patterns of the plants with unlimited water show that NaCl-treated plants used both C3 in the light and CAM in the dark (Fig. 2a) , while control plants used only C3 in the light (Fig. 2b) . The maximum C3 fixation rates for all plants were approximately the same. The total daytime CO2 assimilation by NaCl-treated plants was consistently lower than that by control plants because of a severe midday depression in photosynthesis of unknown origin. The constant daytime conditions and constant daytime stomatal conductances make any explanation of this midday depression based on water stress seem doubtful. These results are consistent with other published daily courses of CO2 uptake in M. crystallinum (22, 24, 26) in which a midday depression in photosynthesis was characteristic of plants which had developed the ability to use the CAM pathway.
Under the water stress conditions, NaCl-treated plants developed a CO2 exchange pattern typical of full CAM plants (Fig. 2c) whereas control plants continued to use primarily C3 fixation but at greatly reduced rates (Fig. 2d) . The use of CAM fixation enabled NaCl-treated plants to maintain a positive daily carbon balance. Although the diurnal acid fluctuations imply that control plants were using CAM, their dark CO2 uptake rates never approached a positive value. These plants barely attained positive C3 fixation rates in the light so that the carbon balance for the 24-h period was negative.
Control plants had consistently higher dark respiration and C3 fixation rates than did NaCl-treated plants. Since control plants were more active than NaCl-treated plants in these two basic metabolic parameters, it seem unlikely that M. crystallinum is an obligate halophyte in which the lack of salt generally inhibits plant processes. Moreover, salt deprivation did not influence stomatal opening. All plants opened their stomata to the greatest (Fig. 2) even though the controls and the PEGtreated plant never achieved any significant nocturnal CO2 fixation. These results suggest that the effects of salt deprivation were somewhat specific to the CAM pathway.
Other literature support the hypothesis that M. crystallinum requires high levels of salt in order to use the CAM pathway. The worldwide distribution of M. crystallinum is limited to coastal areas with severe summer drought (14) . Vivrette and Muller (19) found that high salt accumulation by this species was important for its competitive success. In the laboratory studies of Winter (22) , significant nighttime malate accumulation did not occur until M. crystallinum had accumulated Na+ and Cl-at levels comparable to those measured in the present study. Another species, Bryophyllum tribiflorum, requires Na+-albeit in very small amounts-for CAM fLxation (6) . Plants with CAM generally occupy arid, saline habitats and have the ability to accumulate high levels of salt (7, 21) . Proof that this salt is a prerequisite for the onset of CAM is so far restricted to the above two species.
